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We present a new class of electromagnetically (EM) functionalized garments that have excellent 
electrical and mechanical properties [1]-[3]. These are comfortable to wear and of low-cost, but 
still provide RF performance similar to their copper counterparts. 


A key feature of our technology is the use of metal-coated polymer E-threads that can be densely 
and precisely embroidered onto everyday garments using computerized sewing machines. 
Because of their unique structure, these E-threads exhibit high mechanical strength, flexibility, 
and conductivity. The unique features of our fabrication process may be summarized as follows: 
1) Geometrical precision achieved in embroidery can be as high as 0.3mm [2], and more recently 
down to 0.1mm [3]; 2) Our automated embroidery process is not limited by garment types, 
thickness or material types; 3) The textile surfaces can be easily integrated on polymer substrates 
to realize fully-flexible prototypes [1]; 4) The textile surfaces feel and behave like any other 
clothing. At the same time, their RF performance is as good as that of copper, even after 10s of 
washings. 


Our work has already demonstrated the efficacy of our electronic textiles. Example applications 
include: 1) textile antennas integrated into everyday garments (e.g., suits, shirts, and scarfs) to 
realize all sorts of communication functionalities [4]; b) body-worn medical sensors (e.g., deep- 
tissue imaging sensors, wireless fully-passive brain implants, etc.) [5]-[8]; c) textile antennas for 
integration into airframes, particularly small unmanned aerial vehicles (UAVs) [9]; d) textile- 
based RFIDs [10]; and e) stretchable and flexible textile antennas embedded in polymer for 
operation in harsh environments (e.g., automotive, implantable, wearable, etc.) [11]. 


Overall, we envision smart wearables that integrate several breakthrough technologies (smart 
textiles; fabric and polymer materials; wearable RF electronics; sensors; data processing; 
unobtrusive transceivers; RFIDs; energy harvesters) in a comfortable, attractive and unobtrusive 
manner. 


Keywords: conductive textiles, conformal antennas, flexible antennas, textile antennas, wearable 
antennas, wearable sensors. 
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Commercial Products Already Exist— albeit expensive 
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The International Data Corporation (IDC) predicts wearable electronic vendors will 
ship more than 45M units in 2015, and grow at a 5-year compound rate of 45.1%, 
reaching 126.1M units in 2019. 


Apple Watch: heart rate 
sensor, GPS and 
accelerometer used to 
measure “the many ways 
you move” 


> $350 
https://www.apple.com/watch/ 











Hexoskin Biometric Shirt: 
monitors heart rate, 
breathing rate, activity 
intensity, sleep positions, 
etc. 


> $400 


http://www.hexoskin.com/ 





Sensoria Fitness T-shirt: 
tracks heart rate data to 
optimize fitness activity 


$150 


Jawbone Activity Tracker: 
tracks activity, sleep stages, 
calories, and heart rate. 


> $30 


http://www.sensoriafitness.com/ https://jawbone.com/ 





Sensoria Smart Socks: Biodevices VitalJacket: 





&lectroScien 


detects parameters 
important to the running 
form, including cadence 
and foot landing 
technique 


$200 


http://www.sensoriafitness.com/ 





easy-to-wear T-shirt 
enabling physicians to do 
assessment of cardiac 
problems in an everyday 
environment. 


> $400 


http://www.vitaljacket.com/ 
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HFSS model e Export antenna design pattern 


e Digitize thread route for automated embroidery 


e Embroider on fabrics using braided or twisted E- 
threads (embroidery process uses assistant non- 
conductive yarns to “couch” down E-threads) 
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computer program 
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cee wmce-mae Conformal Antennas,” IEEE Trans. Antennas Propag., 2012. 








New Embroidery Process: Achieves Geometrical 


Ei Precision as high as 0.1mm 


Former Technology New Technology 


e Thick (0.5mm-diameter) fibers 
consisting of 20 to 664 filaments 


¢ 2 threads/mm embroidery density 


¢ Thin (0.1mm-diameter) fibers 
consisting of 7 filaments 


¢ 7 threads/mm embroidery density 


“0. ear precision, can 


- Imm precision, cann 
precision, cannot print sharp corners 


print sharp corners 


Our latest embroidery process can achieve geometrical precision down to 0.1mm 
Therefore, for the first time, accuracy of typical PCB prototypes can be achieved 


directly on textiles. 


A. Kiourti and J.L. Volakis, “High-Geometrical-Accuracy Embroidery Process for Textile Antennas with 
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Textiles on Flexible Polymer Substrates 


Composition: polydimethylsiloxane (PDMS) + rare earth titanate (RET) 


Advantages of PDMS: 
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Challenge 








Traditional wire antennas (copper wires / metal 
patterns on rigid substrates) are unsuitable for 
applications that require high flexibility and are 





subject to continuous mechanical deformation Automotive Tire Sensing Wearable Implantable 
Applications Applications Applications 
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The final antenna can be stretched 


Polyester fabric melted using: along with the surrounding polymer 


Soldering iron, or 


e Oven heating 
S A. Kiourti and J.L. Volakis, “Stretchable and flexible E-fiber 
SlectroScience wire antennas embedded in polymer,” IEEE AWPL, 2014. 


e Polymer integration preserves the E- 
fiber against corrosion 





O Comparison of our Technology vs. Other 
E Reported Textile Surfaces 


Metallized Textiles Embedded Metal Wires Embroidered E-threads (ESL, OSU) 
e Direct metallization on fabrics. e Thin wires embedded in yarns e High strength fibers coated with metals. 
e Patterning via etching. e Structural integrity. e High conductivity from metal coating, 
Poor mechanical strength, Fatigue of metal threads, low structural integrity from fiber core.. 
especially when flexing. metallization coverage. e Fabrication via high-density sewing/stitching. 
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Wearable E-Textile Applications at the ElectroScience Lab 


[1] Medical Imaging Sensors [2] Wireless & Batteryless Brain Implants [3] Antenna Logos 
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A surgery-free on-body monitoring device to evaluate the dielectric properties of 
internal body organs (lung, liver, heart) and effectively determine irregularities in 
real-time ---several weeks before there is serious medical concern. 








¢ Operates at 40 MHz (HBC ) en Active Port (1) 
e Deep detection: >10 cm i = : 


° Suppresses interference from outer layers (skin, fat, muscle, bone) 
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¢ Fully-passive and wireless neurosensors to acquire brain 
signals inconspicuously. 


* Integration of extremely simple electronics in a tiny footprint 
to minimize trauma. 


e Acquisition of extremely low signals, down to 20uUV,,,. This 
implies reading of most signals generated by the human brain. 


ElectroS Pat ence C. Lee, A. Kiourti, J. Chae, J.L. Volakis, “A High-Sensitivity Passive Neurosensing System for Wireless Brain Signal Monitoring,” IEEE 15 
T-MTT, 2015. 
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[3] Colorful Textile Antennas Integrated into 
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The colorful textile antenna prototype 
achieves excellent performance as 
compared to its copper counterpart. 
Concurrently, it is flexible, 
lightweight, and mechanically robust. 
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[4] Antennas for Body-Worn Communication 


Multiband Dipole for GSM/PCS/WLAN Bands 
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7 bar (fal) best location 
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(ehai eT e Textile antenna is low-profile, 
== unobtrusive, and comfortable to 
wear. 
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Improved 
Performance 


Cell phone Jacket 
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électroScienc o. Shao, A. Kiouth, R. Burkholder and J.L. Volakis, “Broadband, Textile-Based Passive UHF RFID Tag Antenna for 18 
LABORATORY Elastic Material,” AWPL 2015 
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Multilayer layer printing (vias to connect between 
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RF Energy Harvester to Power On-Body Devices 
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high-efficiency (>80%), better than 


rectifier commercially available harvesters 


circuit 


rectenna 


Ohio State’s current RF energy harvester 
can continuously power 
temperature/humidity meter (254W 
meter) using WiFi 


e Harvest RF energy at multiple frequency bands is coming. 


e Still need to maximize efficiency / Reach efficiency beyond 
80%. 


e Fabricate antenna or antenna arrays of the harvester on 
textiles. 





Olgun, Chen, Volakis, Design of an efficient ambient WiFi energy harvesting system, IET 
SlectroScience Microw. Ant. & Propag., 6(11): 1200-1206, 2012. 22 
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Body-Area Network for Medical Sensing (MS-BAN) 


THE OHIO STATE 
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Features 


¢ Body-worn multifunctional apertures on RF functionalized 
garment: 





- Textile based RF sensors for in-situ medical sensing. 









- Multiband textile antenna for high-speed communication. 


Multiband 


= > Multiband ° Continuous data transfer through BAN for in-situ monitorins 
antenna 


antenna on mobile APP. 


harvester 


In-situ data display on Date storage on Remote access 
mobile APP Cloud Server by Physicians 


Body-area sensor 
network 


E Salman, Wang, Colebeck, Kiourti, Topsakal, Volakis, “Pulmonary edema monitoring sensor with integrated 
ElectroScience body-area network for remote medical sensing,” IEEE TAP, 62(5):2787-2794, 2014 a 
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Medical Monitoring Everywhere & Anytime: 
dn iy a dream, soon to become a realit 
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Healthcare Establishment: m Patient: Portable handheld 


devices with integrated 


Two- l high 
wo-way rural high speed health care services 


video link through satellite 
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Questions? 
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